The viscoelastic model of the ventricle predicts that the rate of change of volume (strain rate) is a determinant of the instantaneous pressure in the ventricle during diastole. Because relaxation is not complete before the onset of filling, one cannot distinguish the individual effects of relaxation and viscosity unless the passive and active components that determine the ventricular pressure are separated. To overcome this problem, we used the method of ventricular volume clamping to compare the pressures in the fully relaxed ventricle at a given volume at zero strain rate (static pressure) and high strain rate (dynamic pressure). Six open-chest, fentanyl-anesthetized dogs were instrumented with micromanometers and an electronically controlled mitral valve occluder in series with the electromagnetic flow probe. We reasoned as follows: If there were significant viscosity, then the dynamic pressure would be higher than the static pressure. The static pressure was measured when the ventricle was completely relaxed following a mitral valve occlusion after an arbitrary filling volume had been achieved. The dynamic pressure was determined by delaying the onset of filling until relaxation was complete and then measuring the pressure at the same volume that was achieved when the static pressure was measured. In 19 different hemodynamic situations, the dynamic and static pressures were identical (mean difference, 0.1+0.8 mm Hg), indicating that in the passive ventricle viscoelastic effects are insignificant and do not contribute to the left ventricular diastolic pressure under normal filling rates. (Circulation Research 1990;67:352-359) T he end-diastolic pressure-volume (P-V) relation of the working left ventricle and the passive P-V curve of the isolated ventricle have both typically been described by an exponential relation.1-9 Deviations found in the dynamic, filling left ventricle have been frequently attributed to viscoelastic properties of the ventricular chamber5 or myocardium.6 Supported by experimental results from isolated myocardium and cardiac muscle,10-14 the dynamic diastolic P-V relation during filling has been explained by a model consisting of a viscous element in parallel with an exponential elastic element.5-14 Indeed, deviations from the passive P-V curve of the isolated ventricle (static curve) have been demonstrated when filling rates were rapid during early diastole and atrial systole, that is, at the times of highest strain rates. Because viscoelastic forces increase with ifiling rate (strain rate) in the viscoelastic model, it was concluded that they play a significant role in determining the beat-to-beat diastolic pressure.
The viscoelastic model of the ventricle predicts that the rate of change of volume (strain rate) is a determinant of the instantaneous pressure in the ventricle during diastole. Because relaxation is not complete before the onset of filling, one cannot distinguish the individual effects of relaxation and viscosity unless the passive and active components that determine the ventricular pressure are separated. To overcome this problem, we used the method of ventricular volume clamping to compare the pressures in the fully relaxed ventricle at a given volume at zero strain rate (static pressure) and high strain rate (dynamic pressure). Six open-chest, fentanyl-anesthetized dogs were instrumented with micromanometers and an electronically controlled mitral valve occluder in series with the electromagnetic flow probe. We reasoned as follows: If there were significant viscosity, then the dynamic pressure would be higher than the static pressure. The static pressure was measured when the ventricle was completely relaxed following a mitral valve occlusion after an arbitrary filling volume had been achieved. The dynamic pressure was determined by delaying the onset of filling until relaxation was complete and then measuring the pressure at the same volume that was achieved when the static pressure was measured. In 19 different hemodynamic situations, the dynamic and static pressures were identical (mean difference, 0.1+0.8 mm Hg), indicating that in the passive ventricle viscoelastic effects are insignificant and do not contribute to the left ventricular diastolic pressure under normal filling rates. (Circulation Research 1990;67:352-359)
T he end-diastolic pressure-volume (P-V) relation of the working left ventricle and the passive P-V curve of the isolated ventricle have both typically been described by an exponential relation. [1] [2] [3] [4] [5] [6] [7] [8] [9] Deviations found in the dynamic, filling left ventricle have been frequently attributed to viscoelastic properties of the ventricular chamber5 or myocardium. 6 Supported by experimental results from isolated myocardium and cardiac muscle,10-14 the dynamic diastolic P-V relation during filling has been explained by a model consisting of a viscous element in parallel with an exponential elastic element.5-14 Indeed, deviations from the passive P-V curve of the isolated ventricle (static curve) have been demonstrated when filling rates were rapid during early diastole and atrial systole, that is, at the times of highest strain rates. Because viscoelastic forces increase with ifiling rate (strain rate) in the viscoelastic model, it was concluded that they play a significant role in determining the beat-to-beat diastolic pressure.
Although one of the reports on ventricular viscoelastic properties came from our laboratory,5 new data have convinced us to reexamine the above model. 15 We have been measuring transmitral flow in dogs for many years and have recorded countless instances of prolonged diastoles, some as long as 1.5 seconds, during which there was no transmitral flow and no atrioventricular pressure gradient. Figure 1 is an example of a diastolic period of 1.2 seconds during a cycle with an RR interval of 1.5 seconds. There is no flow and no change in the atrial or ventricular pressures for 0.65 seconds. If there were any significant viscous component, one would expect to see creep, which is enlargement of the ventricle at constant stress or stress relaxation, that is, a decrease in pressure at constant volume. In the former case, ventricular pressure would remain constant, and FIGURE 1. Oscillographic record of a long diastole in a chronically instrumented conscious dog. During atrial contraction, the arrow indicates the moment when left ventricular pressure (LVP) starts to fall while there is still flow across the mitral valve (*). For a detailed explanation, see the text. LAP, left atrial pressure; dpldt, time derivative of left ventricular pressure. there would be a measurable mitral flow; in the latter case, left ventricular pressure should fall. We have never observed either effect, and although the absence of creep need not indicate the absence of viscoelasticity, it suggests a need to test the hypothesis that viscous damping is not evident on a beatto-beat basis. The present study was designed to investigate this hypothesis and to reevaluate our previous conclusions about the importance of viscous effects in the intact left ventricle.
Methods

General Considerations
The elastic model of the ventricle assumes that the pressure of the fully relaxed ventricle is determined only by the chamber volume and that during filling the instantaneous volume determines the instantaneous pressure. The viscoelastic model predicts that, in addition to volume, the rate of change of volume (i.e., the strain rate), determines the instantaneous pressure in the ventricle.1617 Thus, the phasic diastolic pressure would be determined by both instantaneous volume and rate of change of volume, that is, by the instantaneous value of transmitral flow. Because relaxation is not completed before the onset of filling, a complex interplay of forces occurs in early diastole: the tendency of pressure to decrease due to relaxation is coupled with the increase of volume due to filling, leading to a concurrent tendency of pressure to increase. 18 Simultaneously, the rate of change of volume is maximal and, according to the viscoelastic model, there is a component of ventricular pressure due to viscosity. Thus, unless the passive and active components that determine pressure are separated, one cannot distinguish the individual effects of relaxation and viscosity during early diastole.
In this study, we separated the passive and active ventricular pressure components by the method of ventricular volume clamping with the remotecontrolled mitral valve developed in our laboratory. '8 We tested the hypothesis that the left ventricle is a viscoelastic structure by measuring pressure of the fully relaxed ventricle at the same volume but at different strain rates.
Experimental Methods
Volume clamping. Ventricular diastolic volume was controlled with a remote-controlled mitral valve shown schematically in Figure 2 . A modified pivotingdisk prosthetic valve was implanted in series with an electromagnetic flow probe in the mitral anulus. A LVP FIGURE 2. Schematic of the instrumented canine heart with an implanted modified prosthetic valve. The controller is triggered by any suitable physiological signal to volume clamp the ventricle by rapidly occluding the mitral orifice at any time in the cardiac cycle. AoF and MiF, aortic and mitral flows, respectively; LAP, left atrial pressure; LVP, left ventricular pressure. . Fillingperturbations with the remote-controlled mitral valve. Arrows in panels A and B represent the occlusions ofthe valve for the rest of diastole. In panel C, the valve is occluded at some time during ventricular systole and released at the moment indicated by the arrow. Note thefall in left ventricularpressure (LVP) after valve occlusions. dp/dt, time derivative ofleft ventricular pressure; AoF and MiF, aortic and mitral flows, respectively; LAP, left atrial pressure.
sliding stop was attached to the outer rim of the valve, connecting it to a control cable. The cable and stop were adjusted to allow normal function of the valve while the stop was in the neutral position or to prevent opening of the disk when the stop was pushed into a closed position. An adapter for attaching the flow probe to the valve was mounted on the atrial side. A controller triggered by a suitable physiological signal rapidly closed the valve after a programmed delay. The valve was operated as follows: 1) closed during systole and held closed to produce a completely nonfilling diastole (end-systolic volume clamp or nonfilling mode), 2) closed at an arbitrary time during diastole after filling had started (diastolic occlusion or filling-occlusion mode), and 3) closed during systole and held closed to prolong isovolumic relaxation and then released at an arbitrary time to permit filling (delayed filling or occlusion-filling mode). These modes of operation are illustrated in Figure 3 . Animalpreparation. Six adult mongrel dogs (25-30 kg) were premedicated with atropine (0.01 ,ug/kg i.v.), and anesthesia was induced with thiopental sodium (15 mg/kg i.v.), followed by intubation and artificial ventilation at 100% 02 with a pressurecontrolled respirator. Fentanyl (5-10 jig/kg) was administered every 30 minutes and supplemented with vecuronium (0.1 mg/kg). After a midline sternotomy and left thoracotomy at the fourth intercostal space, the heart was supported in a pericardial cradle. Pacing leads were sutured to the right atrium, and the sinoatrial node was crushed either to achieve sinus arrest or to lower the heart rate to approximately 100 beats/min or less. Pacing was performed when necessary.
During standard cardiopulmonary bypass, the left atrium was opened, mitral leaflets and chordae were excised, and the modified pivoting-disk valve was implanted. The electromagnetic flow probe was attached to the valve, and its cable, along with the control cable, were routed through the atrial appendage. Micromanometers (Millar Instruments, Houston) were placed in the left ventricle and left atrium via the apex and pulmonary vein. The atriotomy was repaired, and the dog was weaned from bypass. A noncannulating electromagnetic flow probe was placed around the cleaned ascending aorta.
Flows were measured with a two-channel flowmeter (Carolina Medical Electronics, King, N.C.). Left ventricular and left atrial pressures were calibrated for equal gain and common zero. Pressures, flows, ECG, and dP/dt were recorded at high gain and high speed (100 mm/sec) on a photographic recorder (DR-12, Electronics for Medicine, White Plains, N.Y.) and at low speed on a pen recorder (model 2600, Gould, Cleveland). Arterial pH, Pco2, and Po2 were measured periodically and maintained normal by adjusting ventilatory volume or frequency and/or by administering sodium bicarbonate intravenously. If necessary, phenylephrine was infused to maintain arterial blood pressure, and lidocaine was given as either a bolus injection or an infusion to control arrhythmias. Contractile function was controlled with infusions of dopamine. Data were recorded only when the dogs were in a stable steady state and with the respirator turned off. All data were recorded with the chest and pericardium open so that the measured pressures were identical to the transmural pressures.
Protocol for determining viscous effects. We reasoned as follows: To test for viscous effects we should compare the pressures of the fully relaxed ventricle during conditions of equal volume but different strain rates (i.e., filling rates). To achieve these conditions, we used the three different modes of mitral valve occlusion shown in Figures 3 and 4 . The pressure and flow responses to a diastolic occlusion at some time after a normal mitral valve opening are shown as Relaxation is completed when pressure reaches its minimum. After that time, static pressure is determined only by ventricular volume. Panel B: Delayed mitral flow (thick lines) starts after the complete ventricular isovolumic relaxation to P. venfied with nonfilling diastole (dashed line in LVP diagram). Dynamic pressure (thick line) is determined at the same filling volume as in panel A (shaded area in panel B and arrow in LWVdiagram). LW, left ventricular volume; Ves, end-systolic volume; Ved, end-diastolic volume; MF, mitral flow; LVP, left ventricular pressure; P., minimum pressure obtained after complete isovolumic relaxation without filling. thick lines in Figure 4 , panel A. After the occlusion, the minimum pressure indicates that relaxation is complete and that the pressure is determined only by the ventricular volume (static pressure, panel A).
Starting from the same end-systolic volume as in panel A, the mitral valve was occluded and filling was delayed by a volume clamp until after completion of isovolumic relaxation, that is, after the pressure had reached its asymptote P. (Figure 4, panel B , thick lines). Under these conditions, minimum pressure is reached at the end of isovolumic relaxation. 18 Because the strain rate is zero, we define this pressure as the static pressure (panel A). The fraction of the filling volume after delayed filling (panel B) equal to the filling volume in the diastolic occlusion beat (panel A) was determined by the integral of the mitral flow (shaded areas in panels A and B), and the corresponding dynamic and static pressures were compared. Thus, the dynamic pressure during rapid inflow was determined at the same filling volume and, because of identical end-systolic volumes, at the same absolute volume, as the static pressure. According to the viscoelastic model, the dynamic pressure should be significantly greater than the static pressure.
During our experimental protocol we performed multiple filling perturbations (runs) in different hemodynamic states. A typical experimental run at one hemodynamic state consisted of 10-15 control beats and a volume clamp to produce a single diastolic occlusion beat. After 10-15 beats to return to control, the mitral valve was occluded during systole (end-systolic clamp) for a nonfilling diastole, and the time of end-relaxation was determined. During the next 10-15 control beats, the trigger mechanism was readjusted to delay filling until after the time to end-relaxation, that is, when pressure had reached its asymptote during the nonfilling diastole. After returning to control, the delayed filling mode was repeated with the onset of filling occurring progressively later and with each occlusion held for only one diastole. Thus, in each run, several beats with delayed occlusion corresponded to one diastolic occlusion and one nonfilling beat, and several dynamic pressure points could be obtained at different strain rates, but constant volume, to compare with the one static pressure point at the same volume. In the next run, the timing of the diastolic occlusion and delayed filling was changed, and the above procedure was repeated. After several runs at one hemodynamic state, different hemodynamic states were produced by infusion of volume from the oxygenator, and the series of runs were repeated.
Great care was taken to measure left ventricular diastolic pressure accurately. The side lumen of the micromanometer was connected to a Statham gauge (Gould) positioned at the mid-ventricular level, and the baseline was checked frequently. At the end of the experiment, the heart was arrested in diastole with KCI, vented to the atmosphere, and calibrations and baselines were checked. S  3  3  4  4  3  2  2  3  2  2  2  2  2  3  4  2  2  3  2  2  2  3  3  3  3  4  4  4  3  3  3  3  3  4  3  3  4  3  3  3  2  3  3  3  3  5  S  5  S  5  3  3  4  4  3  2 Accessories, Southport, Conn.) coupled to an IBM-PC. Filling volumes were calculated from the integrals of mitral flow. It should be noted that we did not measure absolute ventricular volumes, so all volume measurements are referenced to an unknown end-systolic volume that is constant for each run. Thus, it was important that there be no change in hemodynamic state during a run. This was tested by examining the control beats before each occlusion and accepting only those runs in which there was no change in the control pressures and flows.
For statistical analysis, the static and dynamic pressures were examined with a standard leastsquares linear regression, and mean values were compared by a t test. Results Measured hemodynamic parameters for control, static, and dynamic beats in 19 different hemodynamic states in all six dogs are presented in Table 1 . After volume clamping, filling volumes and enddiastolic pressures decreased. When compared with control, filling volume and end-diastolic pressures decreased in static beats (9.8+2.0 versus 28.0+7.0 ml, and -1.1+2.1 versus 4.5+2.3 mm Hg). In dynamic beats, the atrioventricular pressure gradient at mitral valve opening increased due to delayed filling, producing an increase in peak mitral flow (172+54 versus 146 +47 ml/sec; see also Figure 4 ), but because of the shorter filling time, filling volume and end-diastolic volume decreased (18.0+±8.0 and 2.1+2.2 mm Hg). To test for viscous effects, we compared ventricular pressures at equal volumes and different strain rates (Figure 4) . At common volume, mitral flow was 122±+59 ml/sec in the dynamic beats, and by design of the experiment, zero in the static beats; for comparison, it was 112±55 ml/sec in control.
We performed 79 multiple filling perturbations (runs) in 19 different hemodynamic states and compared the 79 static pressures with 259 dynamic pressures. For each static point there were two to six dynamic points with different strain rates (i.e., mitral flow amplitudes) caused by different atrioventricular pressure gradients at the time of clamp release. The results for each individual set of measurements are presented in Table 2 . Pressures in the dynamic beats were higher than in the static beats in 10 cases, lower in one case, and not statistically different in the remaining 68 runs. The mean difference between dynamic and static pressures for all 259 measurements was 0.1±0.8 mm Hg and is not statistically different from zero. The mean difference between dynamic and static pressures for each individual run is presented in Table 2 . To demonstrate the identity of dynamic and static pressures, we performed a linear regression of the static versus dynamic pressures for all measurements. The regression line (Pdic=0.96Pstatic+0.093, r=0.943, n=259) is not different from the identity line ( Figure 5 ).
To test whether the pressure difference becomes significant only at high filling rates, we performed a linear regression through the origin with dummy variables to account for the between-subjects variability (i.e., repeated measures analysis of variance). The slope of the regression 0.0029 mm Hg/ml/sec was not different from zero (p<0.2).
Discussion
Numerous investigatorsl-4,7-9 have concluded that during rapid early diastolic filling and during atrial contraction, left ventricular pressure exceeded that predicted by a simple elastic model, and they attributed the difference to the effect of viscoelasticity.
Others have reached the same conclusion,6 subjecting the ventricles to step increases and decreases in pressure by occlusions of the aorta and venae cavae. Results from our laboratory have also indicated an apparent viscous effect in late diastole.5 However, further experience has motivated us to reevaluate these conclusions by using a new experimental technique of ventricular volume clamping with an electronically controlled mitral valve occluder. Previous investigators were aware of the difficulties concerning the interpretation of viscoelastic effects during early diastole. They concluded that if the viscoelastic model is designed to fit the deviations from the static elastic (exponential) curve, then the deviations could be due to relaxation, inertia of the walls and fluid, or myocardial viscoelasticity, and they could not be interpreted as due only to viscous properties. 7 We agree with such a conclusion; it is also supported by the results of our recent studies. 18, 19 The ventricle always fills while pressure is falling, and the P-V relation during early diastole always deviates from the static, or end-diastolic, relation. Early diastolic filling is directly related to the amplitude and rate of change of the atrioventricular pressure gradient. The ventricular component of the gradient is determined by at least two factors: 1) the amount and rate of decay of actively developed force, and 2) the elastic ventricular properties. Thus, the investigation of dynamic effects in early filling has to account for temporal changes of relaxation and elastic forces during filling, and a method for the separation of these forces is required. The ventricular volume clamping technique used in the present study is, to our knowledge, the only experimental method that allows such separation and produces a completely relaxed ventricle in situ. As shown above, this method should reveal viscous effects that are masked by relaxation and filling in a normal diastole. However, our results show that after myocardial deactivation is completed, left ventricular pressures are determined only by ventricular volume regardless of strain rates and unambiguously indicate that viscous properties are indeed negligible in the intact ventricle during diastole.
Viscoelasticity is frequently used as a qualitative explanation of otherwise inexplicable data, and just as frequently, the mechanism of action of viscosity is not explained. Parallel damping has been used by us as well as by others to explain the events during a single diastole,S-7 but we now think that parallel viscosity is insignificantly small and/or slow acting and does not influence the events of a single beat. How then, can we explain the previous conclusions about the importance of the viscous effects during atrial contraction in late diastole when the confounding effects of relaxation are not present?
We have an alternative explanation for the apparent viscous effect that is evident only during the phase of atrial contraction when there is a sudden increase in loading of the ventricle (Figure 1 ). Viscosity would increase the pressure beyond that predicted by passive elasticity since viscosity is rate dependent (note the large a wave in both atrial and ventricular pressures), and it could explain the decrease in pressure as flow decreased (note the fall in the a wave). A careful analysis of the pressure-flow waveforms in Figure 1 , however, indicates that the ventricular pressure starts to fall while there is still significant forward flow; this is a consistent finding. The fall in pressure cannot be due to regurgitation or to stress relaxation since the flow rate is positive and the same on the falling part of the curve as it is on the rising part. We think that the data are better explained by rapidly changing pressure differences due to acceleration and deceleration of flow than by parallel viscous damping.
By examining the problem another way, when the mitral valve is open, the two chambers are in a dynamic equilibrium, and the pressure changes caused by an atrial contraction and relaxation are propagated into the ventricle and accompanied by acceleration and deceleration of flow. In essence, the phasic pressure in the ventricle is determined by the instantaneous fluid dynamics and the combined compliance of the atrium and ventricle.20 Under these conditions, the ventricular pressure is no longer uniquely related to chamber volume and what appears to be a viscous effect, and the departure from an exponential P-V relation can be explained by a dynamic atrioventricular interrelation.
There is a possibility that our results can be influenced by the nature of the experimental preparation. During implantation of the artificial mitral valve, we cut chordae and interrupted the natural function of the papillary muscles. There are indications that they may be important for ventricular function,21 and possibly for global viscoelastic chamber behavior. In addition, we cannot separate the effects of wall inertia during rapid inflow from the possible effect of viscosity. These effects (in addition to experimental variations) may be responsible for the small differences in the static and dynamic pressures we observed in 10 runs, but we assume that they can generally be neglected. Our assumption is supported by previous calculations22 that indicate that those inertial effects are small. It should also be noted that we have determined viscous effects in the lower range of volumes and partially in the range of end-systolic volumes influenced by elastic restoring forces (note negative values of left ventricular pressures in Table 2 ).18 Although we have not observed any correlation between dynamic pressures and volume or filling rates, in the normal range, there is a possibility that viscous effects may become physiologically significant at larger ventricular volumes and above-normal filling rates.
In conclusion, the method of ventricular volume clamping in diastole has provided a direct way for the assessment of viscous effects in the intact canine left ventricle. Our results indicate that viscosity is insignificant on a beat-to-beat basis and does not contribute to the measured diastolic pressure.
